Long-term potentiation (LTP) is an activity-dependent strengthening of synapses that is thought to underlie memory storage. Ca 2ϩ / calmodulin-dependent protein kinase II (CaMKII) has been a leading candidate as a memory molecule because it is persistently activated after LTP induction and can enhance transmission. Furthermore, a mutation that blocks persistent activation blocks LTP and forms of learning. However, direct evidence for a role of the kinase in maintaining synaptic strength has been lacking. Here, we show that a newly developed noncompetitive inhibitor of CaMKII strongly reduces synaptic transmission in the CA1 region of the hippocampal slice. This occurs through both presynaptic and postsynaptic action. To study the role of CaMKII in the maintenance of LTP, inhibitor was applied after LTP induction and then removed. Inhibition occurred in both LTP and control pathways but only partially recovered. The nonrecovering component was attributable primarily to a postsynaptic change. To test whether nonrecovery was attributable to a persistent reversal of LTP, we first saturated LTP and then transiently applied inhibitor. This procedure allowed additional LTP to be induced, indicating a reversal of an LTP maintenance mechanism. This is the first procedure that can reverse LTP by chemical means and suggests that a component of synaptic memory is attributable to CaMKII. The procedure also enhanced the LTP that could be induced in the control pathway, consistent with the idea that CaMKII is involved in controlling basal synaptic strength, perhaps as a result of LTP that occurred in vivo.
Introduction
Progress has been made in elucidating the processes involved in the induction and expression of LTP (Bliss and Collingridge, 1993; Malenka and Nicoll, 1999; Lee et al., 2004) . In contrast, relatively little is known about the LTP maintenance processes that underlie the persistence of synaptic memory (Hrabetova and Sacktor, 1996; Bhalla et al., 2002; Lisman et al., 2002; Si et al., 2003; Levenson and Sweatt, 2005) . Ca 2ϩ /calmodulin-dependent protein kinase II (CaMKII) has an important role in LTP. Enhancing postsynaptic kinase activity increases transmission, an enhancement that occludes LTP (Lledo et al., 1995) . Conversely, blocking the kinase by pharmacological (Malinow et al., 1989) or genetic (Silva et al., 1992; Giese et al., 1998) methods blocks or reduces LTP (Hinds et al., 1998) . Several lines of information have pointed to a role of CaMKII in LTP maintenance. Calciumdependent autophosphorylation of the enzyme makes it active in the absence of Ca 2ϩ (Miller and Kennedy, 1986) , giving the enzyme switch-like properties (Lisman, 1994; Lisman and Zhabotinsky, 2001; Miller et al., 2005) . Consistent with this, LTP increases CaMKII autophosphorylation for hours (Fukunaga et al., 1993; Barria et al., 1997; Ahmed and Frey, 2005) and produces a persistent translocation of the kinase to the postsynaptic density (PSD) (Otmakhov et al., 2004) .
Despite this evidence for long-lasting changes in CaMKII, the role of the kinase in LTP maintenance remains unclear. In most experiments showing an effect of CaMKII inhibitor, the inhibitor was applied before induction; the resulting inhibition of LTP could therefore be caused by effects on induction. To test specifically for a role in maintenance, inhibitor must be applied after induction. Studies examining the effects of postsynaptic application of CaMKII inhibitors or mixtures of CaMKII and PKC inhibitors have given variable results; some report reductions of LTP (but not basal transmission), even when inhibitor is applied at long times after induction (Feng, 1995) , whereas most studies, including those from our laboratory, found no effect (Malinow et al., 1989; Malgaroli et al., 1992; Otmakhov et al., 1997; Chen et al., 2001) . These negative results are puzzling; if active CaMKII is present under basal conditions and persistently increased by LTP, one would expect the kinase to contribute to basal transmission and LTP maintenance.
We have reexamined the role of CaMKII in maintenance using the first available noncompetitive inhibitor of CaMKII [CaMKIINtide (Chang et al., 1998 (Chang et al., , 2001 ]. A noncompetitive inhibitor may be particularly potent under conditions in which substrate concentration is high, as in the PSD. We have used a membrane-permeant form of this inhibitor and find that it produces powerful inhibition of basal transmission and LTP. Experiments were conducted to determine whether maintenance or expression processes were affected. The results indicate that CaMKIINtide can produce depotentiation and therefore acts on a maintenance process. This is the first demonstration that maintenance can be reversed biochemically and strongly suggests that a component of synaptic memory is attributable to CaMKII.
Materials and Methods
The animals' care was in accordance with institutional guidelines.
Slice electrophysiology. Transverse hippocampal slices (350 m) were prepared from 17-to 23-d-old Long-Evans rats. After preparation, slices were allowed to recover for a minimum of 2 h in an inverted interface chamber held in an atmosphere of 95% O 2 and 5% CO 2 . For the experiments, slices were transferred to a submersion-type recording chamber mounted on an Olympus (Tokyo, Japan) BX51WI microscope and were continuously superfused (2-4 ml/min) with artificial CSF (ACSF) containing the following (in mM): 120 NaCl, 26 NaHCO 4 , 1 NaH 2 PO 4 , 2.5 KCl, 2.5 CaCl 2 , 1.3 MgSO 4 , and 10 D-glucose. Before entering the chamber, ACSF was continuously bubbled with 95% O 2 and 5% CO 2 in a 20 ml syringe. A total volume of 10 ml of ACSF was recirculated during each experiment (including experiments with and without drug application; see below, Extracellular drug application) using a two-way pump. Recirculation was used to conserve peptide, which was obtainable only in limited quantity. Experiments were conducted at 30 -31°C. Extracellular field potential recordings were made with a glass recording electrode (0.2-0.3 M⍀) filled with ACSF and placed in stratum radiatum of the CA1 region. To stimulate independent inputs, two monopolar stimulating electrodes (glass pipettes filled with ACSF; 0.25-0.35 M⍀ resistance) were positioned 100 -150 m to each side of the recording electrode. Stimulus strength was adjusted to have a field EPSP (fEPSP) amplitude of 50 -60% of the population spike threshold. LTP was induced by tetanic stimulation (one or four series of stimuli delivered at 100 Hz, 1 s and spaced 2 min apart). Stimulus strength was the same for both test and tetanic stimulation. Test stimulation alternated between the two stimulation electrodes. The interstimulus interval was 6 s in most experiments, 2 min for alternated synaptic/AMPA stimulation, and 30 s for LTP saturation experiments. Data were acquired by a personal computer with a Digidata-1200 interface (Molecular Devices, Foster City, CA) by a custom-made Axobasic 2.1 program. An fEPSP baseline of 10 -20 min was recorded before LTP induction or drug application.
Whole-cell patch-clamp recordings were conducted under visual guidance by an upright microscope equipped with infrared differential interference contrast optics (E600FN; Nikon, Tokyo, Japan). Voltageclamp recordings were made with an EPC-10 patch-clamp amplifier (HEKA Elektronik, Heidelberg, Germany), and data were digitized at 12 kHz using the HEKA Elektronik software Pulse. Patch pipettes (3-5 M⍀) were filled with internal solution containing the following (in mM): 130 K-gluconate, 5 KCl, 2 MgCl 2 , 0.6 EGTA, 10 HEPES, 4 Mg-ATP, and 0.3 Na 3 -GTP, pH 7.3.
Data analysis and statistics. Axobasic 2.1 program (custom version) was used for on-line and initial off-line analysis. Data were then imported to Excel (Microsoft, Seattle, WA) for additional analysis and plotting. Summary graphs were generated by normalizing the 10 -20 min baseline preceding LTP induction or drug application and averaging data across experiments. Error bars correspond to SEM. Igor program (WaveMetrics, Lake Oswego, OR) was used for Student's t tests, one-way ANOVA post-test, and post hoc Tukey's tests. p Ͻ 0.05 was used as criterion of significance. Average numbers in text correspond to mean Ϯ SD.
CaMKII inhibitors and control drugs. Antennapedia-CaMKIINtide (Ant-CaMKIINtide; RQIKIWFQNRRMKWK-KRPPKLGQIGRSKRV-VIEDDRIDDVLK) was obtained from the Biopolymer Synthesis Center (California Institute of Technology, Pasadena, CA). This peptide is a component of the ␣ form of an endogenous inhibitor of CaMKII called CaMKIIN (Chang et al., 1998) . The inhibitory peptide itself is referred to as CaMKIINtide by the Soderling group (Chang et al., 1998) and as CaNtide by the Vitale group (Illario et al., 2003) . Because of the possible confusion with CaN (calcineurin), we chose to use the name CaMKIINtide. (antennapedia sequence, RQIKIWFQNRRMKWKK).
Antennapedia-autocamtide-2-related inhibitor peptide II (Ant-AIP-II; RQIKIWFQNRRMKW-KKKKKLRRQEAFDAL) and reversed AntTirap 138 -151 [Ant-Tirap-R, control peptide for the NF-B (nuclear factor B) inhibitor peptide Ant-Tirap 138 -151 ; RQIKIWFQNRRMKW-KKSVIAGGPAADRLQL], were purchased from EMD Biosciences (La Jolla, CA). Stock solutions (2 mM) were divided into aliquots and maintained at Ϫ20°C until the time of experiment.
Extracellular drug application. During the experiments, stock solutions (2.5-35 l) were added to the syringe with ACSF to achieve the desired final concentration (0.5-7 M). We observed that foam formation during excessive bubbling in the syringe produced a decrease in the AntCaMKIINtide effect; possibly, inhibitor that stuck to the foam surface was removed from circulation. When bubbling was decreased to a level at which foam formation was avoided (but enough slice oxygenation was provided, as indicated by stable fEPSP recording and an fEPSP/fiber volley relationship of at least 2-3), highly reproducible inhibitor effects were observed. Drugs were washed out by changing syringe solution: recirculation was stopped and the syringe was refilled with fresh, oxygenated ACSF. After changing at least four times the original solution volume, the final 10 ml of recirculating volume was reestablished. As indicated by control experiments with ACSF recirculation (no peptide) and solution change at similar time as in test experiments, this procedure by itself caused a small effect on fEPSP (see Fig. 1 E, F ), probably because of small changes in oxygenation.
Pressure application of AMPA. AMPA was locally applied by pressure injection through the recording electrode (Fedorov and Reymann, 1993) . AMPA concentration inside the pipette was 100 -150 M. Pressure pulses of 7-10 ms and 3-5 psi were applied every 2 min using a Picrospritzer III (Parker Instrumentation, Cleveland, Ohio) and were alternated with electrical stimulation of Schaffer collaterals (see above). A short-lasting (ϳ10 ms) pressure artifact was observed at the beginning of the recorded AMPA responses. At the end of the experiment, CNQX was added to remove the AMPA response, and the isolated artifact was directly measured. The artifact was then subtracted from all of the responses.
LTP saturation/depotentiation experiments. To compute the "additional" potentiation produced by drug application after LTP saturation (see Fig. 6 ), the percentage LTP in these experiments was corrected for the potentiation that occurred in the absence of drug. Because the latter varied somewhat, it was important to measure in each set of experiments as interleaved controls.
Results
CaMKIINtide is a peptide derived from a recently discovered endogenous inhibitor of CaMKII (Chang et al., 1998 (Chang et al., , 2001 Lepicard et al., 2006) . It inhibits both Ca-dependent and Caindependent activity. The inhibitor is the most specific known; it inhibits both ␣ and ␤ CaMKII, but not CaMKI, CaMKIV, PKC, or PKA. We used a form of CaMKIINtide that was made membrane permeant by the addition of an antennapedia sequence (Ant-CaMKIINtide) (Fink et al., 2003; Illario et al., 2003; Meffert et al., 2003; Schmitt et al., 2004; Illario et al., 2005) . Because this inhibitor does not have to be injected intracellularly, we were able to use field-recording methods on hippocampal slices, allowing the long-duration recordings that were crucial for our experiments. Biochemical experiments on isolated neurons (Schmitt et al., 2004) show that nearly complete inhibition of CaMKII is achieved by 5 M bath concentration of Ant-CaMKIINtide. Similar concentrations inhibit the CaMKII T286 autophosphorylation (measured on Western blots) produced by 25 M NMDA (5 min with 1 M glycine) in hippocampal slices [concentration/ percentage inhibition, 0.5 M/17%; 2 M/66%; 5 M/83%; n ϭ 4 (E. Guire and T. Soderling, personal communication)].
Inhibitor was applied after inducing LTP in one pathway but not in another (the "naive pathway"). Figure 1 A, B shows that 3 M Ant-CaMKIINtide strongly reduced the fEPSP in both the potentiated and naive pathways. The maximum inhibition during inhibitor application (30 min) at a range of concentrations was comparable in both pathways (Fig. 1C) . Control experiments for LTP stability in the absence of inhibitor application are shown in supplemental Figure 1 (available at www.jneurosci.org as supplemental material). The concentration dependence was determined and found to be half-maximal at ϳ3 M (Fig. 1 D) , consistent with the range that produces CaMKII inhibition. We also observed a similar but smaller effect on basal transmission using a second inhibitor of CaMKII ( Fig. 1 E, F ) ( p Ͻ 0.0005). This inhibitor is Ant-AIP-II. It is competitive with respect to many substrates (Ishida et al., 1994) , perhaps accounting for its weaker action. Control experiments with antennapedia alone (Ant) showed no significant effect on the fEPSP ( Fig. 1 E, F ) ( p Ͼ 0.5) and no effect on holding current or the EPSC in whole-cell recordings (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). Additional controls using antennapedia attached to a peptide not related to CaMKII (TirapR) show no effect ( Fig. 1 F) ( p Ͼ 0.5). Note that perfusion of these control substances produces no effect only when compared with that produced by solution change itself (ACSF), which causes a small effect because of the use of recirculating solution (one-way ANOVA test and post hoc Tukey's honestly significant difference test for pairwise comparisons). Together, these results indicate that inhibition of CaMKII produces a decrement in basal and potentiated transmission. The effects on basal transmission are consistent with a previous study showing that bath application of CaMKII peptide inhibitor strongly reduces basal transmission through presynaptic action (Waxham et al., 1993) .
In the experiments of Fig. 1 , synaptic stimulation was given repetitively during application of the inhibitor. Thus one possible interpretation is that the inhibitor enhanced a normal activitydependent process that weakens synapses. To test this possibility, we compared the effect of inhibitor on two pathways, turning off test pulses in one pathway during almost the entire period of inhibitor application. In the other pathway, tests pulses were continuously applied, as before. Supplemental Figure 3A (available at www.jneurosci. org as supplemental material) shows that when tested 20 min after inhibitor application, the effect was quite similar in both pathways. Direct measurements of spiking during inhibitor application indicated no increase in the rate of spontaneous spikes (supplemental Fig. 3B , available at www.jneurosci.org as supplemental material). As an additional test, we asked whether the effects of inhibitor could be blocked by an NMDA receptor antagonist, which is known to block LTD (Mulkey and Malenka, 1992) and depotentiation (O'Dell and Kandel, 1994) . We found that inhibitor reduced basal transmission in the presence of APV (supplemental Fig. 4 , available at www.jneurosci.org as supplemental material), whereas application of APV alone did not significantly affect transmission (Otmakhova and Lisman, 2004) . These results argue that the weakening produced by the peptide is unlikely to involve a normal activity-dependent process.
An important aspect of Ant-CaMKIINtide action concerns its reversibility. When the inhibitor was removed from the bath, a component of transmission recovered, reaching a steady value within 30 min. However, this steady value did not correspond to full recovery ( Fig. 1 A, B; supplemental Fig. 5 , available at www. jneurosci.org as supplemental material). The nonrecovering or persistent component of the effect, defined as the difference between transmission before inhibitor application and the steady state reached after its removal, was always evident (n ϭ 156). We will return later to the basis of this component. Ant-CaMKIINtide (open squares; n ϭ 5) and Ant-AIP (horizontal lines; n ϭ 7) are CaMKII inhibitors. Ant (gray circles; n ϭ 5) is the antennapedia segment alone, and ACSF is a control experiment (no peptide) in which the recirculating solution was changed at times similar to those used in test experiments (black circles; n ϭ 4). F, Summary plot showing the percentage decrease in fEPSP (measured during the last 5 min of peptide application) from the same experiments as in E. The results from application of AntTirap-R (n ϭ 5), a peptide unrelated to CaMKII, were also included. Levels of significance in the post hoc pairwise Tukey's test, *p Ͻ 0.01; **p Ͻ 0.0005; NS, p Ͼ 0.5. Norm., Normalized.
As an additional test that Ant-CaMKIINtide is working as an effective CaMKII inhibitor, we checked whether it can block LTP induction, as do other inhibitors of CaMKII (Malinow et al., 1989) . We used a moderate concentration (3 M), because partial transmission had to be maintained. Under these conditions, application of a 100 Hz, 1 s tetanus produced very small potentiation (Fig. 2 A) . After removal of the inhibitor and partial recovery of transmission, we reduced stimulation to make the response comparable with that during inhibitor application. Much larger potentiation could now be induced (Fig. 2 A) . The summary data (Fig. 2 B) show 17.5 Ϯ 7.4% potentiation when the tetanus was given during inhibitor application and 56.7 Ϯ 6.5% potentiation when the tetanus was given after removal of inhibitor (n ϭ 7; p Ͻ 0.001). Thus, partial inhibition of CaMKII produces a partial inhibition of LTP induction, as expected.
Previous work with bath application of CaMKII inhibitory peptide showed dramatic inhibition of transmission and established that it was caused by presynaptic action (Waxham et al., 1993) . However, it is unclear how this peptide entered cells, and so it may not have gained access to the postsynaptic cell. The antennapedia method we have used should make the inhibitor enter both presynaptic and postsynaptic cells, and the observed reduction of LTP is consistent with postsynaptic action. To test directly for postsynaptic action, we applied brief pulses of AMPA by pressure injection through the extracellular recording electrode and measured the resulting field potential (Fedorov and Reymann, 1993) . Figure 3A shows that Ant-CaMKIINtide significantly decreased the AMPA response relative to that in control experiments in which AMPA pulses were applied continuously and no inhibitor was perfused [45.4 Ϯ 11.3% (inhibitor) vs 9.8 Ϯ 3.6% (ACSF); n ϭ 5; p Ͻ 0.0005]. These results thus directly demonstrate that there is postsynaptic action of the inhibitor on the AMPA-mediated response. We tested whether this postsynaptic effect of bath-applied permeant CaMKIINtide could be reproduced by postsynaptic application of impermeant inhibitor (50 M) and found that the effect was always smaller (average reduction at 30 min, 20%; n ϭ 5). This could be because of failure to achieve sufficient concentration in the dendrites or because synaptic strength is governed by a transsynaptic process that requires simultaneous inhibition of kinase on both sides of the membrane (see Discussion).
To determine whether presynaptic function is affected by inhibitor, we examined the fiber volley, an early component of the field potential that reflects the number of axons excited by the stimulating electrode. Figure 3B shows that the fiber volley was decreased by inhibitor application (n ϭ 15). This effect was completely reversed after inhibitor was removed. The observed effect on axon excitability is not surprising, because it has been shown that some voltage-gated currents can be modulated by CaMKII (Lu et al., 1994; Robinson et al., 2004; Varga et al., 2004) . There are reasons to suspect that CaMKII is also involved in presynaptic release processes (Llinas et al., 1991; Waxham et al., 1993; Chi et al., 2001) . We therefore measured paired-pulse facilitation (PPF), a form of short-term plasticity that varies inversely with release probability. PPF ratio varied from 1.64 Ϯ 0.11 (before inhibitor application) to 1.93 Ϯ 0.22 (during application), and after drug washout, it decreased to 1.83 Ϯ 0.25. These values were not statistically different (one-way ANOVA test, F ϭ 2.635; p Ͼ 0.1) and indicate that either there is no change in the probability that an action potential produces release or that such a change is not accompanied by a substantial change in PPF.
The above results indicate that during the application of AntCaMKIINtide, the decrement in transmission is attributable to both presynaptic and postsynaptic effects. One can ask whether this is similarly true for the nonrecovering component that is evident after removal of inhibitor. In our AMPA application experiments (Fig. 3A) , there was a significant difference between the decrement in transmission after inhibitor washout compared with control experiments without peptide application (37.3 Ϯ 13.1% vs 11.2 Ϯ 9.3%, respectively; p Ͻ 0.01; t ϭ 90 -100 min). This shows that the nonrecovering component is at least in part attributable to a postsynaptic effect. To address the localization issue more quantitatively, we compared the effect of inhibitor on the response to applied AMPA (which reflects only postsynaptic processes) to the effect on the synaptically evoked EPSP recorded during the same experiments (Fig. 3D) . During the period of peptide application (30 min), the reduction of the EPSP was considerably larger (85.6 Ϯ 6.1%, relative to the initial 20 min baseline) than the reduction in the response to applied AMPA (45.4 Ϯ 11.3%), as expected if there is both presynaptic action and postsynaptic action. However, after removal of inhibitor (at t ϭ 90 -100 min), the nonrecovering component of the synaptic response and the nonrecovering component of the response to applied AMPA were not statistically different (see Fig. 3D legend) . By comparing the effect of inhibitor on total transmission to the isolated postsynaptic effect, we determined the fraction of the effect that is postsynaptic (Fig. 3E) . It can be seen that the acute effect is both presynaptic and postsynaptic but that the Figure 2 . Ant-CaMKIINtide reversibly interferes with LTP induction. The experiment was done with two pathways; in one, a tetanus was given during inhibitor application and after washout (filled diamonds), whereas the other pathway served as a control (open circles) A, Representative experiment in which a tetanus (100 Hz, 1 s) was applied to one synaptic pathway in the presence of Ant-CaMKIINtide (3 M), inducing almost no potentiation. After peptide washout, the amplitude of stimulation was decreased so that transmission equaled that during peptide application. A tetanus under these conditions induced substantial LTP in the same pathway. B, Summary of all experiments (n ϭ 7) during the application of Ant-CaMKIINtide (B1) and after washout of the inhibitor (B2).
effect becomes mainly postsynaptic within 30 min after removal of inhibitor. We conclude that the nonrecovering component is primarily expressed postsynaptically (but induction may depend on both presynaptic and postsynaptic effects; see Discussion).
Several additional properties of the nonrecovering (persistent) component of the effect are noteworthy. This component was observed in both the potentiated and naive pathways, as shown in supplemental Figure 5 (available at www.jneurosci.org as supplemental material), in which the magnitude of the nonrecovering effect on potentiated pathway is plotted versus that on naive pathway (experiments were done at different inhibitor concentrations). Furthermore, the magnitude of the nonrecovering component was found to be graded (Fig. 4) with inhibitor concentration in the 3-5 M range (30 min application, basal conditions). To test whether the nonrecovering component could lead to complete silencing of synapses, we increased the duration (2 h) and concentration (10 M) of Ant-CaMKIINtide application. This did not increase the amplitude of the nonrecovering component (56.1 Ϯ 6.1 vs 54.3 Ϯ 13.8%). These results indicate that only a fraction of transmission can be persistently turned off by CaMKII inhibitor (i.e., the nonrecovering component does not approach 100%).
We next focused on the possible mechanism of the nonrecovering component. The simplest explanation would be that inhibitor entered the cell and could not exit, perhaps because of cleavage of antennapedia from the peptide. To test this possibility, inhibitor was applied by local pressure injection through the recording electrode. In this case, even inhibitor that had become impermeant would have a reversible effect, because it could diffuse intracellularly away from the site of application. We found, however, that local inhibitor application still produced a nonrecovering component (supplemental Fig. 6 , available at www. jneurosci.org as supplemental material). An additional indication that the inhibitor could be effectively removed, either by leaving the cell or by intracellular proteolysis (Fernandez et al., 1991) , was the reversal of the inhibition of LTP induction (Fig. 2) and the reversal of the inhibition in the fiber volley (Fig. 3B) . Together, these results make it difficult to explain the nonrecovering component by the residual presence of Ant-CaMKIINtide.
Another possible explanation of the nonrecovering component is that a process that controls the strength of transmission is turned off by the transient application of inhibitor. According to this interpretation, the effect is a biochemical form of depotentiation that reverses a process responsible for maintaining synaptic strength. The standard test for activity-driven depotentiation (Dudek and Bear, 1993) is that saturated LTP can be reversed, as indicated by the ability to subsequently induce additional LTP. Importantly, a recent use of this test showed that an agent that reduced LTP (when applied after induction) did not allow additional LTP to be induced, indicating that in this case an expression process rather than a maintenance process was affected (Delgado and O'Dell, 2005) . This test can therefore distinguish between changes in expression and maintenance processes.
A schematic of the experimental protocol used to test the possibility that Ant-CaMKIINtide is producing a chemical form of depotentiation is shown in Figure 5A . We first saturated LTP in one pathway with four tetani and examined the stability of the saturation. If we waited 90 -100 min (the "intervening period") and then gave an additional series of four tetani, short-term potentiation was induced, but there was no additional LTP (Fig. 5B , open circles) (1 Ϯ 2%; n ϭ 9). In interleaved experiments, we transiently (30 min) applied Ant-CaMKIINtide during the intervening period. A second group of tetani was then given after inhibitor was removed (and recovery was stable). In this case, substantial LTP could be induced (Fig. 5B , filled circles) (24 Ϯ 5%; n ϭ 9). The difference (additional potentiation) made possible by transient application of inhibitor was significant at the 0.0005 level. This difference cannot be attributed to differences in the level of synaptic transmission at the time of LTP induction; in experiments without inhibitor, the stimulus strength was reduced at t ϭ 110 min to make transmission strength equal to that in experiments in which peptide was applied. The changes in fEPSP caused by LTP induction, drug, and stimulus intensity change can all be seen in the representative experiments shown in supplemental Figure 7 A, B (available at www.jneurosci.org as supplemental material). Supplemental Figure 7C (available at www.jneurosci.org as supplemental material) compares the average fEPSP for the tetanized pathway in the cases in which inhibitor was or was not applied and shows that the equalization procedure was successful ( p Ͼ 0.5). We conclude that AntCaMKIINtide can reverse LTP saturation, allowing additional LTP to be induced.
It should be noted (supplemental Fig. 7B , available at www.jneurosci.org as supplemental material) that although substantial LTP could be restored, even multiple tetani never fully brought potentiation back to the level before application of inhibitor. It is perhaps relevant that experiments that induce LTP after depotentiation also cannot fully restore the initial LTP (Dudek and Bear, 1993) . The reason for incomplete restoration is unclear but may be related to slow transitions in the state of the synapse that govern bidirectional plasticity (Montgomery and Madison, 2002) .
As shown above (Figs. 1, 4) , inhibitor affected not only the LTP pathway, but also the naive pathway. One possibility is that such basal transmission reflects LTP that occurred naturally during the life of the animal. Recent work demonstrates that learning potentiates synapses in the CA1 region and that this occludes with LTP (Gruart et al., 2006; Whitlock et al., 2006) . Furthermore, consistent with this, the stronger the basal strength of synapses, the smaller the LTP that can be experimentally induced (Liao et al., 1992; Debanne et al., 1999; Montgomery et al., 2001 ). These findings have implications for CaMKII, because, with the exception of LTP that occurs in very young animals (Yasuda et al., 2003) , all forms of LTP in the CA1 region are dependent on CaMKII. Indeed, even the first steps of AMPA channel insertion into synapses (i.e., into silent synapses) can be driven by CaMKII (Wu et al., 1996; Poncer et al., 2002) . Importantly, under basal conditions, CaMKII is present at synapses (Otmakhov et al., 2004) . Thus, inhibition of the kinase at naive synapses might affect basal transmission by reversing LTP that occurred in vivo. A critical test of this hypothesis is that application and removal of inhibitor should make it possible to induce larger LTP in the naive pathway compared with the case in which the inhibitor was not applied. Figure 5C ,D and supplemental Figure 7 A, B (naive; available at www.jneurosci.org as supplemental material) indicate that this is the case. Without application of inhibitor, 35 Ϯ 7% LTP could be induced; if inhibitor was transiently applied, leading to a persistent reduction in transmission, 113 Ϯ 10% LTP could be induced (n ϭ 9). This difference was significant at the 0.0001 level. Supplemental Figure 7C (naive; available at www.jneurosci.org as supplemental material) shows that this difference cannot be attributed to differences in transmission at the time of LTP induction ( p Ͼ 0.05). We conclude that the reversal of basal transmission allows greater LTP to be induced.
In the next series of experiments, we investigated whether other agents might act similarly to CaMKII antagonists in reversing LTP. Several agents have been reported to reduce transmission when applied after LTP induction (Krucker et al., 2000; Ling et al., 2002; Sanna et al., 2002; Opazo et al., 2003) ; these include chelerythrine (an inhibitor of PKC), 2-(4-morpholinyl)-8-phenyl-4 H-1-benzopyran-4-one hydrochloride [LY294002; an inhibitor of phosphoinositide 3-kinase (PI3-K)], and latrunculin A (an inhibitor of actin polymerization). To study these inhibitors, we used the same LTP saturation protocol and timing as for CaMKII inhibitor. The percentage additional potentiation that could be induced after transient drug application compared with interleaved controls without drug application is shown in Figure   Figure 5 . CaMKII inhibition reverses saturated LTP and allows for subsequent potentiation. We conducted two-pathway experiments (see supplemental Fig. 5 , available at www. jneurosci.org as supplemental material), but for clarity, the data are presented here separately for potentiated and naive pathways. A, A schematic of the experimental protocol used to test reversal of LTP saturation. B, Average of nine experiments showing the effect of the second series of tetani on the previously saturated pathway, with and without inhibitor application. C, A schematic of the experimental protocol used to test for the effect of inhibitor on the magnitude of LTP than can be induced by a first set of tetani in the naive pathway. D, Average of nine experiments showing the effect of the first series of tetani on the naive pathways, with and without previous inhibitor application. Norm., Normalized.
6. Although each of these inhibitors reduced transmission (see Fig. 6 legend) , none of these drugs allowed additional LTP to be induced. Thus, by these tests, CaMKII inhibitor has a unique ability to reverse a maintenance process.
Discussion
Our results show that a noncompetitive CaMKII inhibitor, AntCaMKIINtide, can reverse an LTP maintenance mechanism. Application of inhibitor after LTP induction reduced potentiation. When the inhibitor was removed, there was partial but incomplete recovery. The nonrecovering component is primarily postsynaptic. To test whether the nonrecovering component resulted from the reversal of a maintenance process, we applied a standard test for depotentiation: the ability to reverse saturated LTP. We found that reversal occurred, as demonstrated by the ability to induce additional LTP. This is the first report of a biochemical process that reverses LTP and implicates CaMKII in the maintenance of LTP.
The reversal caused by CaMKII inhibitor also occurred in the nontetanized naive pathway. After such reversal, larger LTP could be induced, indicating that the peptide weakened a process that maintained basal transmission. A simple but speculative interpretation is that the naive (basal) pathway had undergone an LTP-like process in vivo (Gruart et al., 2006; Whitlock et al., 2006) . Consistent with this is the finding of occlusion: the stronger basal transmission is, the less LTP can be induced (Liao et al., 1992; Debanne et al., 1999; Montgomery et al., 2001) . Thus the inhibitor might be acting on a process similar to the LTP that is induced experimentally. Support for such similarity comes from the study of CaMKII involvement in LTP and basal transmission. During LTP, CaMKII becomes persistently autophosphorylated (Barria et al., 1997; Lengyel et al., 2004; Ahmed and Frey, 2005) and persistently translocated to the PSD (Otmakhov et al., 2004) . However, even under basal conditions, CaMKII can be found in isolated PSDs (Strack et al., 1997b; Petersen et al., 2003) and in synaptic puncta (Bayer et al., 2006) . Moreover, a fraction of this kinase is in the autophosphorylated state (Strack et al., 1997a; Trinidad et al., 2005) . Thus, basal and potentiated synapses differ only quantitatively. Activated CaMKII, when introduced into cells, enhances AMPA-mediated transmission (Pettit et al., 1994; Lledo et al., 1995; Shirke and Malinow, 1997; Poncer et al., 2002) . From this perspective, it is not surprising that CaMKII inhibitor should affect both potentiated and naive pathways.
The ability to reverse a component of transmission using AntCaMKIINtide, a noncompetitive inhibitor, is complemented by similar but smaller effects using Ant-AIP-II (Fig. 1 E, F ). The latter inhibitor is based on the autoinhibitory domain of CaMKII and may be competitive with respect to some substrates. The small effect of AIP might explain why similar effects were not noted with other related inhibitors (AC3) (Otmakhov et al., 1997; Chen et al., 2001) . This and other possible explanations for the different results obtained with different CaMKII inhibitors are discussed in detail below.
Although we made attempts to maximize the dose and duration of inhibitor application, the nonrecovering component after removal of inhibitor remained only a fraction of total transmission: the maximal nonrecovering component was ϳ55% (Fig. 4) . This finding suggests that the processes irreversibly affected by the inhibitor are responsible for only a component of transmission. The insensitive component could be related to CaMKIIindependent forms of potentiation. Such forms account for all of LTP in young animals (Yasuda et al., 2003) . Another possibility is that the insensitive component is affected by CaMKII inhibitor but in a reversible manner.
During the application of inhibitor, synaptic transmission is reduced to ϳ20% of maximal (Fig. 1 D) . This can be understood as the sum of three effects: a reduction to 50% as a result of a postsynaptic change (Fig. 3A) , a 25% reduction as a result of a presynaptic decrease in excitability (Fig. 3B) , and an additional small effect caused by a reduction in the probability of release (Waxham et al., 1993) .
Reconciliation with previous experiments
Previous studies have shown that postsynaptic application of pseudo-substrate inhibitors of CaMKII inhibitors can block LTP but not decrease basal transmission or reverse established LTP (Malinow et al., 1989; Malgaroli et al., 1992; Otmakhov et al., 1997; Chen et al., 2001) . Why then does Ant-CaMKIINtide have all three effects? We cannot give a definite answer, but we point to several possible explanations.
The first has to do with the properties of the inhibitor used. It should be emphasized that the KN62/KN93 class of CaMKII inhibitor interferes with calmodulin binding to CaMKII (Tokumitsu et al., 1990; Sumi et al., 1991) ; this class of drugs would thus be expected to interfere with the Ca 2ϩ -dependent activation of CaMKII during LTP but not interfere with the Ca 2ϩ -independent activity that may underlie basal or potentiated transmission. The peptide pseudo-substrate inhibitors that selectively block LTP induction do however block the Ca 2ϩ -independent form of CaMKII, so some other explanation is required to explain their selectivity. The fact that these inhibitors are competitive with some substrates may provide an explanation. They may be effective at blocking the induction processes, which is probably initiated in the cytoplasm, where the substrate concentrations are low, but be less effective at blocking maintenance processes, which may depend on events in the PSD, where the substrate concentrations are high. A related issue has to do with the nature of the substrates involved in induction and maintenance. It is known that there are multiple substrate binding sites on CaMKII and that different peptide inhibitors interact with different binding sites (Ishida et al., 1995) . A given inhibitor can thus affect some CaMKII targets much more strongly than others. For instance, the inhibitor AC3 has an IC 50 of 0.1 M for Figure 6 . PKC, PI3-K, or F-actin inhibition does not reverse saturated LTP. The same protocol was used as for CaMKII inhibitor (see Fig. 5A ) with chelerythrine (an inhibitor of PKC), LY294002 (an inhibitor of PI3-K), and latrunculin A (an inhibitor of actin polymerization). Each inhibitor reduced the maintained potentiation during application [chelerythrine (8 M), 48.6 Ϯ 3.5% (n ϭ 8); LY294002 (45 M), 17.9 Ϯ 6.2% (n ϭ 5); latrunculin A (2 M), 21.2 Ϯ 4.7% (n ϭ 5); data not shown]. After inhibitor washout, reversal of saturation was tested by applying a series of tetani. Subtracting the percentage potentiation in controls from the percentage potentiation after drug application gives the percentage additional LTP attributable to drug. Only AntCaMKIINtide (5 M) allowed significant additional LTP.
Ca 2ϩ -independent autophosphorylation of soluble CaMKII, whereas the IC 50 is 10 M for Ca 2ϩ -dependent and -independent PSD-CaMKII phosphorylation of a 180 kDa PSD substrate (Chen et al., 2001) . Thus, an inhibitor could differentially affect induction and maintenance because different sites on CaMKII were involved. Finally, it is possible that CaMKII contributes to maintenance through a structural rather than enzymatic process (Lisman and Zhabotinsky, 2001) and that Ant-CaMKIINtide, but not other inhibitors, interferes with a binding reaction important for structural assembly. Recent work shows that the binding of CaMKII to the NMDA channel is necessary for LTP induction (Barria and Malinow, 2005) and that this binding occurs in a two-step process (Bayer et al., 2006) . Importantly, the first step can be blocked by AC3, whereas once tight binding occurs, the complex is no longer dissociated by AC3. This might explain why AC3 and related peptides can block LTP induction but have little or no effect on maintenance (Otmakhov et al., 1997; Chen et al., 2001) . It would thus be of importance to determine whether CaMKIINtide interferes with the binding of CaMKII to the NMDA channel.
The second class of explanations has to do with the fact that the use of a permeant inhibitor means that in our experiments, inhibitor was applied both presynaptically and postsynaptically. This cannot be the only explanation, because we found that classic pseudo-substrate inhibitors are less effective than CaMKIINtide, even when applied to both sides of the synapse (Fig. 1 E) . However, the two classes of explanation are not mutually contradictory and could both apply. Recent work has demonstrated that LTP is produced by an interaction between presynaptic and postsynaptic CaMKII (Ninan and Arancio, 2004; Lu and Hawkins, 2006) . It is thus similarly possible that the reversal of LTP that we observed, although postsynaptic in expression, is dependent on an interaction between presynaptic and postsynaptic CaMKII. Consistent with this possibility, postsynaptic application of impermeant CaMKIINtide did not produce an decrement in the synaptic response as large as the inhibition of the postsynaptic response to AMPA (Fig. 3D) produced by bath application of permeant inhibitor.
Evidence for role of PKM-in LTP maintenance
Recent work provides evidence that PKM-has a critical role in the maintenance of late-phase LTP (Hrabetova and Sacktor, 1996; Serrano et al., 2005) . The kinase is synthesized within the dendrites after LTP induction (Cracco et al., 2005) . Directly adding kinase to the postsynaptic cell leads to enhancement of transmission, whereas blocking the kinase leads to inhibition of latephase LTP (Ling et al., 2002) . Importantly, inhibition of the kinase in the hippocampus of rats leads to erasure of memory, consistent with a role in memory maintenance (Pastalkova et al., 2006) . Application of inhibitor after LTP induction reduces transmission in the LTP pathway. This might be because of an effect on expression processes; such effects do not lead to a reversal of LTP (Delgado and O'Dell, 2005) . The critical test that distinguishes between these possibilities is whether inhibitor brings LTP out of saturation. Experiments of this kind have not been previously reported. Our own experiments did not provide any indication that PKM-inhibitor can bring LTP out of saturation (Fig. 6) ; however, our inhibitor application times were chosen to be the same as used in our CaMKII inhibitor experiments (30 min) and are shorter than the many hours of inhibitor application used to reverse behavioral memory with PKM-inhibitor (Pastalkova et al., 2006) . Thus, different results might have been obtained had we used much longer applications.
Summary of evidence regarding a role of CaMKII in maintenance
Our finding that CaMKII inhibitors can reverse LTP is of particular interest given the other lines of evidence that CaMKII could be important in the maintenance of synaptic strength. Measurements indicate that changes in CaMKII persist, at least through the early stages of LTP (hours): there is a persistent increase in CaMKII activity (Fukunaga et al., 1993) , persistent autophosphorylation of Thr286 up to 8 h (Ahmed and Frey, 2005) , persistent phosphorylation of a CaMKII substrate (Barria et al., 1997; Lee et al., 2000) , and persistent translocation of the kinase from the cytoplasm to the synapse (Strack et al., 1997b; Otmakhov et al., 2004; Bayer et al., 2006) . Importantly, the autophosphorylation and structural properties of the enzyme provide a basis for understanding how persistent autophosphorylation of the kinase occurs (Lisman and Zhabotinsky, 2001; Miller et al., 2005) . If persistent activation of CaMKII is blocked by mutation of Thr286, then LTP is prevented (Giese et al., 1998) . These observations, together with the ability of CaMKII to enhance transmission (Lledo et al., 1995) , suggest that CaMKII should contribute to the maintenance of LTP. Our results provide evidence that this is the case.
